Introduction
UV nanoimprint lithography [1] [2] [3] [4] [5] has been studied to achieve high quality mass production technology of nanostructure devices with low cost and high throughput. Since Nanoimprint process is a contact process, nanoimprint mold is usually coated with an antisticking layer (ASL) [6] . The ASL reduces the demolding force and prevents the resin adhesion. However, it is known that the ASL is gradually deteriorated with multiple UV nanoimprinting [7, 8] . To extend a life time of the ASL, an effective solution to the mold release problem is the use of a resin with release properties. The UV nanoimprint resin containing fluorosurfactants is one of the methods to improve the release property of the resin [9, 10] . The fluorosurfactants in the resin segregate to the resin surface and induce the release property. So far, we confirmed that the deterioration rate of ASL delayed by step and repeat UV nanoimprinting using UV nanoimprint resin added with fluorosurfactant [11] . This result indicates that the fluorosurfactant in UV nanoimprint resin operates to prevent the ASL deterioration. Moreover, the pattern size fabricated by nanoimprint technology becomes smaller and smaller. Recently, it is reported that a few nm order pattern was imprinted by UV nanoimprinting [12] . Therefore, we guessed that the ASL-free resist are ultimately needed in nanoimprint technology because the ASL thickness causes the difference of size between a mold and an imprinted pattern.
Daikin Industry synthesizes a fluorosurfactant to improve the release property of UV nanoimprint resin. To evaluate the effect of the fluorosurfactant, we examined the dependence of additive amount by contact angle measurement and carried out UV nanoimprinting using a mold without ASL.
Experimental method
The synthesized fluorosurfactant is DSN4034 (Daikin Industries, Ltd.). Figure 1(a) shows the chemical structure of DSN4034. We added DSN4034 to C-TGC-02 (Toyo Gosei Co.), which is a radical polymerization UV nanoimprint resin. C-TGC-02 consists of acryl resin (70PA; Kyoeisha Chemical Co.), photoinitiator (Irgacure-907; BASF Co.), and a non-disclosure leveling agent, as shown in Fig. 1(b) . We used C-TGC-02 without the leveling agent in this experiment because the leveling agent may interact with the added DSN4034. DSN4034 of 1, 2, 4, and 6 wt% were added to C-TGC-02 and the resins were diluted by propyleneglycol monomethylether (PGME). To complete the curing of C-TGC-02 coated on a glass substrate and measure the water contact angle on the resin, we carried out UV nanoimprinting using a flat Si substrate as a mold. In addition, the release property of flat Si substrate was improved by 1,1,1,3,3,3-hexamethyldisilazane (HMDS) treatment. The water contact angle of HMDS treated substrate was about 77°. The resin was prebaked at 80 °C for 1 min and the nanoimprinting pressure was 3 MPa. The UV intensity and irradiation time were 64 mW/cm 2 and 3 min, respectively. The water contact angles were measured by using a contact angle meter (Drop Master 500; Kyowa Interface Science Co.).
Finally, we carried out UV nanoimprinting using a quartz mold (NIM-PH350; NTT Advanced Technology Co.) without the ASL. The fabricated patterns were observed by optical and scanning electron microscopes (SEM).
Results and discussion
We measured the water contact angles on the cured C-TGC-02 without and with DSN4034 of 1, 2, 4, and 6 wt%. Figure 2 plots the DSN4034 concentration dependence of water contact angles. Although we guessed that the water contact angle increased with an increase in additive amount, it decreased. In addition, the water contact angle of C-TGC-02 without DSN4034 was the highest in the measurement. It is indicated that DSN4034 is segregated to the resin surface because DSN4034 has poly (ethylene oxide) (PEO) chain and hydroxyl group, which are hydrophilic property, as shown in Fig. 1(a) . We assumed that the hydrophilic property of the resin was caused by a large amount of PEO chain and hydroxyl group. This means that the amount of DSN4034 increases on the resin surface with increase in concentration of it, at the interface between the resin and HMDS coated Si substrate. It was reported that the surfactant segregation to the mold-resin interface was largely depended on the surface energy of the mold [10] . To confirm the effect of the surface energy, we demonstrated UV nanoimprinting using C-TGC-02 with DSN4034 of 1, 2, 4, and 6 wt%. First, we used the quartz mold and Si substrate, which were treated with O 2 reactive ion etching (RIE) before UV nanoimprinting. The water contact angles on these substrates were less than 10°. This indicates that both quartz mold and Si substrate surfaces are equivalent hydrophilic condition. After UV nanoimprinting, we observed the imprinted patterns by optical microscope. The mold without ASL was easily separated from the resin by adding DSN4034. However, large part of the resin was peeled from the substrate in all cases, as shown in Fig. 3 . We considered that the peel defects were caused by segregation behavior of DSN4034. In the experiments, we used the hydrophilic mold and Si substrate. We inferred that DSN4034 segregated to both quartz mold and Si substrate sides, as shown in Fig. 4 . As a consequence, the resin was partially removed from the Si substrate. Fig. 3 Optical micrographs of the imprinted C-TGC-02 with DSN4034 of (a) 1 wt%, (b) 2 wt%, (c) 4 wt%, and (d) 6 wt%. Quartz mold and Si substrate were treated withO 2 RIE before UV nanoimprinting. The water contact angles were less than 10°. Fig. 4 Illustration of DSN4034 segregation in UV nanoimprint process by using O 2 RIE treated quartz mold and Si substrate.
Next, we used a quartz mold placed a day from O 2 RIE treatment. The water contact angle of the quartz mold was about 18°. On the other hand, the Si substrate was treated with O 2 RIE before UV nanoimprinting, which meaned that the water contact angle was less than 10°. This indicates that the surface energy of the quartz mold was different from that of Si substrate. We carried out UV nanoimprinting using them. Figure 5 shows the optical micrograph of C-TGC-02 with DSN4034 imprinted by UV nanoimprinting. Although the small defect occurred on the C-TGC-02 with 1 wt% DSN4034, the imprinted patterns were drastically improved. Following, we observed the imprinted patterns by SEM, as shown in Fig. 6 . The line and space (L&S), dot, and hole patterns were clearly imprinted on the resins. In these experiments, the water contact angle on the quartz mold was slightly higher than that of Si substrate. We inferred that DSN4034 was segregated to the resin surface due to the small difference of the water contact angle between the mold and the Si substrate and supported the demolding process, as shown in Fig. 7 . The results revealed that the difference of surface energy between a mold and a Si substrate was necessary to success ASL free UV nanoimprinting. 
Conclusion
We evaluated the effect of DSN4034 (fluorosurfactant) to carry out ASL free UV nanoimprinting. The water contact angle of C-TGC-02 (UV nanoimprint resin) with DSN4034 decreased with increase in additive amount of DSN4034. We assumed that this phenomenon was caused by large amount of PEO chain and OH group in DSN4034. However, it is necessary to investigate the phenomenon by X-ray photoelectron spectroscopy and atomic force microscopy. When both the mold and the substrate were the equivalent hydrophilic surface treated by O 2 RIE, the resin was peeled from the substrate. By putting the difference of interface between the mold and the substrate, we succeeded ASL free UV nanoimprinting.
